Jeong SY and Lee JY flavonoids and inhibits the release of chemical mediators, and has been used as an anti-asthmatic drug, especially the prophylactic treatment of allergic asthma [8] . Prophylactic treatment with antiallergic drugs such as cromoglycate and corticosteroids inhibits both IAR and LAR, whereas β 2 -selective adrenoceptor agonists such as salbutamol inhibits IAR but not LAR [9, 10] .
In approximately 60% of all asthmatic subjects, the IAR is followed by a LAR, and LAR is also accompanied by an increase in bronchial responsiveness to nonspecific stimuli and thought to lead to serious and chronic asthma. Therefore, agents that can inhibit the LAR may be of therapeutic benefit in the treatment of bronchial asthma [3] . A number of animal models have been developed in which LAR occurs in the airways after exposure to antigen, and many studies concerned about LAR suggest the contribution of many kinds of mediators, cytokines and inflammatory cells, especially eosinophils in the development of LAR in humans [3] . However, the pharmacological characteristic of LAR on the animal models is not documented satisfactorily, and the mechanisms underlying LAR are not clear. Moreover, despite the enormous efforts that have been put into developing anti-asthmatic agents, to date, there has been limited success in developing therapeutics for long-term treatment of the bronchial asthma without significant side effect. We previously reported that the plant-based flavonoids, quercetin and rutin which has significantly inhibited asthmatic responses, based on observed inhibition of chemical mediator release in bronchoalveolar lavage fluids (BALFs) [11, 12] . Furthermore, it was found that a methanolic extraction of Aralia cordata Thunb. (Araliaceae), which is used as a traditional herbal medicine for disorders such as inflammation, fever, and pain, has significant anti-asthmatic activity in guinea pigs with IgE-mediated asthma [13] .
In the present study, we described that 1) a guinea pig model of bronchial asthma, and associated leukocyte infiltration and biochemical mediators releases in the airways as measured by BALF as well as histopathology of the asthmatic lung tissue, and 2) the effect of 2,6-di-tert-butyl-4-hydroxymethyl phenol (DBHP) (Fig. 1A) , an antioxidant aromatic compounds used in foods and belongs to the family of cumenes, against IAR and LAR upon exposure of aerosolized ovalbumin (OVA) to conscious OVAsensitized guinea pigs in the double-chambered plethysmograph (Fig. 1B) .
MEthodS

Materials
2,6-di-tert-butyl-4-hydroxymethylphenol (molecular weight 236.35; ≥97%) (Cat# 446424, Aldrich), ovalbumin grade V from hen egg white (molecular weight 44,287; lyophilized powder, ≥98%; agarose gel electrophoresis) (Cat# A5503, Sigma) and other chemicals were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). All other chemicals purchased were of analytical grade.
Animals
Specific pathogen-free male Dunkin-Hartley guinea pigs were (250-300 g) were obtained from the HanLim animal house facility (Hwa Sung-Gun, Kyung Ki-Do, South Korea), and housed under standard laboratory conditions (temperature 24±2°C, humidity 50±5°C, illumination 300-500 Lux) with free access to pathogenfree food and water ad libitum. The animal studies were approved by the Institutional Animal Care and Use Committee of ChungAng University (IACUC-2015-00068). This double-chambered plethysmograph is a basic method for measurement of the specific airway resistance (sRaw) together with the standard parameters tidal volume and respiratory rate in conscious animals placed into the plethysmograph box (HSE type 855, Hugo Sachs Elektronik, Germany). The phase shift between two the nasal and thoracic respiratory flows is measured with two differential pressure transducers (PT5, Grass Instument Co., USA). The PULMODYN "PENNOCK 89" software is able to record the signals and calculate the sRaw with a respiratory analyzer (7E polygraph, Grass Instument Co., USA), and the PLUGSYS 603 system is used to control the valves from the plethysmograph boxes and interface the boxes to the computer (This diagram modified from an original kindly provided by Hugo Sachs Elektronik company, Germany).
Sensitization and aerosolized-OVA challenge
Guinea Pigs were actively sensitized by i.p. and s.c. injections of 0.5 ml of 10% (w/v) OVA in saline on the same day. Twenty-one days after sensitization, these animals were selected on the basis of positive skin response to i.d. injection of 1% OVA (0.1 ml per site), and the sensitized animal was challenged with 10 ml inhalation of 1% OVA which was generated by compressed air with an aerosol nebulizer (Module PY2-73-1963, Hugo Sachs Elektronik, Germany) connected to the nasal chamber in a double-chambered plethysmograph (HSE type 855 and PLUGSYS 603, Hugo Sachs Elektronik, Germany) for 5 min after measuring baseline airway function. An operating air pressure was approximately 1.5 bar, and the generated particle size was below 10 μm, with a portion of particles having a diameter ≤2.5 μm of 60% [3, 4] . Test drugs suspended in 5% carboxymethylcellulose solution were administered orally 1 h prior to OVA challenge, and again 12 h later.
Measurement of airway function
To determine pulmonary and airway functions of conscious guinea pigs to the OVA challenge, tidal volume (TV), tidal airflow, respiratory rate, and specific airway resistance (sRaw) were measured using a barometric double-chambered plethysmograph (HSE type 855 and PLUGSYS 603, Hugo Sachs Elektronik, Germany) connected to volumetric differential pressure transducer (PT5, Grass Instrument Co., USA) and noninvasive respiratory analyzer (Model 7E Polygraph, Grass Instrument Co., USA) 5 min (for IAR) and 24 h (LAR) after the OVA [3, 4] . The sRaw, the main index of airway responsiveness, was calculated by Pennock Program 89 and expressed in mmHg×sec [14] .
Bronchoalveolar lavage and cellular analysis
After measurement of pulmonary function parameters at LAR, animals were anesthetized with a mixture of zolazepam and tiletamine (20 mg/kg, i.p.) and lungs were lavaged four times with 5 ml aliquots of Ca 2+ /Mg 2+ -free Hank's balanced salt solution (HBSS) containing EDTA (10 mM), HEPES (20 mM) and bovine serum albumin (1%). Bronchoalveolar lavage fluids (BALFs) were centrifuged (200×g for 10 min at 4°C), and the cell pellets were resuspended in 1 ml of HBSS for cellular analysis. Supernatants were stored at -80°C for biochemical analysis. Total leukocytes in BALF were counted manually with hemocytometer, and differential cell counts were performed on cytocentrifuged preparations (Cytospin II, Shandon Southern Instruments, PA, USA) after modified Wright-Giemsa staining. A minimum of 300 cells were counted and classified as eosinophils, neutrophils, macrophages, or lymphocytes based on standard morphological criteria [4] .
Biochemical analysis in BALF
Histamine assay: The released histamine content in BALF was determined by O-phthalaldehyde (OPA) spectrofluorometric method [15] . Briefly, 1 ml BALF was transferred to a test tube and 1 ml H 2 O, and 0.4 ml of 1N NaOH was added, followed 4 min later by 0.1 ml of OPA reagent and 0.2 ml of 3N HCl. The reaction mixture was transferred to a microplate and fluorescence measured at excitation 350 nm/emission 650 nm with a spectrophotometer (FL600 Microplate Fluorescence Reader, Bio-Tek, USA).
Phospholipase A2 assay: Phospholipase A 2 activity in BALF was determined with a pyrene-labeled phosphatidylcholine (10-pyrene PC) in the presence of serum albumin with a spectrophotometer at excitation 345 nm/emission 398 nm [16] . Spectrofluorometric analysis of pyrene phospholipids and fatty acids was carried out in reaction mixture. The 10-pyrene PC was dried under nitrogen and suspended in ethanol at 0.2 mM. Reaction solution was prepared by sequential addition of 1 ml buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA; 10 μl of substrate (2 μM, final concentration); 10 μl of substrate (to 0.1% final concentration) and 6 μl of 1 M CaCl 2 (to 6 mM, final concentration). The fluorescence of the reaction medium (black) was recorded and the reaction was initiated by the addition of BALF. The specific activity in nanomoles per minute and per milligram protein was obtained by dividing the activity by the amount of protein in mg.
Protein assay: To determine the protein exudates quantitation in BALF was determined with bicinchoninic acid (BCA) colorimetric method [17] . Briefly, a 50 μl of aliquot of a 10-fold dilution of BALF was incubated with 1 ml of BCA reagent for 15 min at 37°C. After re-equilibration to room temperature, the reaction mixture was quantified spectrophotometrically at 595 nm. Because this is a kinetic assay, a set of standards must be run at the beginning and end as well as at appropriate intervals between the reaction mixtures.
Histopathological analysis of lung
For histologic analysis, lung tissues were fixed by infiltrating the lung with phosphate-buffered formalin saline, and dehydrated with a graded aqueous ethanol series and embedded in paraffin. The embedded lung tissues were sectioned (4 μm), and then stained with hematoxylin and eosin (H&E) to visualize inflammatory responses and pathological changes in the lung tissue.
Statistical analysis
All values are represented as mean±standard error of the mean (n=6). Statistical analysis was done by one-way ANOVA followed by the Student t-test. p-values of <0.05 were considered statistically significant.
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Effect of DBHP on airway hyperreactivity in aerosolized OVA-induced asthmatic responses
Airway hyperreactivity following the aerosolized OVA inhalation was determined as aRaw. The sRaw of the OVA-sensitized guinea pigs was significantly increased by 297% (from 3.2±0.3 to 12.6±1.0 mmHg×sec, p<0.01) on IAR, and 147% (from 7.9±0.8 to 3.2±0.3 mmHg×sec, p<0.01) on LAR, respectively (Fig. 2) . Furthermore, the mean baseline value of TV in vehicle control and OVA control were 2.8±0.1 and 3.5±0.2 ml, respectively. After challenge of ovalbumin, the TV of OVA control were decreased by 59% on IAR and 30% on LAR, respectively (Fig. 3) . DBHP at an oral dose of 12.5 mg/kg significantly decreased the sRaw by 31.0% during IAR (p<0.05) and 38% during LAR (p<0.05) compared with OVA control, but also increased significantly the decreased TV by 19% during IAR (p<0.05). However, its inhibitory activities were less than that of anti-asthmatic drugs, dexamethasone (5 mg/kg, p.o.), cromoglycate (10 mg/kg, p.o.) and salbutamol (5 mg/ kg, p.o.) (Figs. 2 and 3) .
Effect of DBHP on the recruitment of leukocytes in BALF
Antigen challenge of OVA-sensitized guinea pigs significantly increased the total leukocytes in BALF approximately five-fold, compared with vehicle control (7.4×10 5 versus 35.3×10 5 cells/ml, p<0.05) (Fig. 4A) . Especially, eosinophils and neutrophils significantly increased compared with vehicle control (p<0.05) (Figs. 4B and C). These data showed that antigen challenge increased eosinophils in BALF by sixteen-fold (0.5×10 5 to 7.7×10 5 cells), and 
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Effect of DBHP on the release of biochemical inflammatory mediators in BALF
Antigen challenged guinea pigs during LAR showed significant increases in the released levels of biochemical inflammatory mediators, histamine, protein and PLA2. Histamine contents in the BALF of vehicle-and OVA-challenged guinea pigs were 125±7 and 425±13 ng/ml during LAR, respectively, which was equivalent to an increase of 340% in OVA-challenged guinea pigs as compared with vehicle control (Fig. 5A) . Moreover, protein contents, which was considered the component of exudates in BALF by airway inflammatory reaction of vehicle control and OVA control were 111±39 and 432±23 μg/ml on LAR, respectively. It was equivalent to an increase of 389% in OVA-challenged guinea pigs as compared with vehicle control (Fig. 5B) . In addition, PLA 2 activity in the BALF of vehicle control was 2.9±0.1 nmol/min/mg, increasing by 250% in the OVA control to 7.1±0.2 nmol/min/mg during LAR (Fig. 5A) . It means PLA 2 activity related to eicosanoid inflammatory mediators increased during an asthmatic response induced by aerosolized antigen in OVA-sensitized guinea pigs. DBHP inhibited the releases of biochemical inflammatory mediators and protein exudation. DBHP at an oral dose of 25 mg/ kg significantly inhibited histamine release into BALF (425±13 to 346±15 ng/ml, p<0.05), but also significantly decreased protein exudates (432±23 to 307±28 ng/ml, p<0.05) and PLA 2 activity (7.1±0.2 to 6.2±0.2 nmol/min/mg, p<0.05), respectively. However, its activities were less than those of dexamethasone (5 mg/kg, p.o.) and cromoglycate (10 mg/kg, p.o.).
Effect of DBHP on the histopathological changes in the asthmatic lung tissue
The lungs of antigen challenged guinea pigs showed eosinophil and neutrophil recruitment in the alveolar sacs, peripheral vasculature and terminal bronchioles, compared with vehicle control (Figs. 6A and B) , which is consistent with previous reports [11, 18] . Lung of vehicle control on LAR showed a normal structural architecture, and no inflammatory cell infiltration around terminal bronchioles (Fig. 6A) . The oral administration of DBHP at a 50 mg/kg reduced the recruitment of leukocyte, particularly, eosinophils and neutrophils into alveolar sacs and peripheral vasculature on LAR (Fig. 6C) , and dexamethasone (5 mg/kg, p.o.) also significantly improved pathological changes with mild leukocytes infiltration around bronchioles on LAR, compared with OVAchallenged control (Fig. 6D ).
dIScuSSIon
We have developed a guinea pig model of IAR and LAR through the inhalation of antigen OVA in OVA-sensitized guinea pigs. The guinea pig has generally been chosen as an experimental animal because of histological similarities that exist between lungs of antigen exposed guinea pigs and asthmatic lungs in human because this species can exhibit early and late-phase airway obstruction, bronchial eosinophilia and increased airway reactivity following exposure of sensitized animals to antigen in the putative involvement of chemical mediator, cytokines and inflammatory cells on the development of LAR, compared to other species such as mouse, rat, primate or rabbit [4, 19] . Furthermore, the double-chambered plethysmograph system for restrained guinea pigs in this study has been specially developed for the investigation of bronchospasm-molytically active substances on a conscious animal, and it has been proven as a reliable and standard method in the study of pulmonary functions in a noninvasive approach. In spite of the higher sensitivity and specificity of invasive lung function tests in anesthetized animals, the noninvasive technique highly useful to access effects on breathing pattern and to detect pulmonary irritation and airflow limitation, and to test on adverse effects of chemicals and drugs. Moreover, this technique is simple to handle and the breathing pattern is nearly natural since no anesthesia is required [20, 21] .
In animals sensitized with 10 μg of OVA, aerosolized OVA inhalation increased sRaw by 3-fold in IAR and 2-fold in LAR, respectively, compared with sRaw before OVA challenge. Furthermore, the well-established BAL technique in the present study and in subsequent histopathological study showed recruitment of leukocytes and eosinophils into the lung increased by 5-fold and 16-fold, respectively, also similar to a segmental challenge in human lung [22] . Of particular interest, bronchoconstriction can be associated with leukocyte infiltration, leading to the release of biochemical mediators such as histamine, leukotriene B 4 (LTB 4 ), and PLA 2 [23] . In addition, eosinophils, neutrophils, lymphocytes, and macrophages are important cellular mediators of the allergic inflammation through the production of inflammatory cytokines [24] .
In the present study, the oral administration of DBHP significantly inhibited the increased sRaw induced by antigen OVA challenge in IAR and LAR, but also improved the histopathologic impairments, with less effect than that of anti-asthmatic drugs, dexamethasone, cromoglycate and salbutamol. Furthermore, DBHP significantly decreased the levels of cellular and biochemical mediators induced by OVA challenge in BALF like other phenolic compounds, as in other previous reports [18, 25] . These results suggest that DBHP exerts significant anti-asthmatic activity during IAR and LAR in this in vivo model, probably due to the inhibition of histamine content in BALF. DBHP may act as mast cell stabilizers and bronchodilators through the downregulation of mast cell activation. Moreover, DBHP significantly decreased the OVA-induced PLA 2 activity in BALF, which generates chemokines in eosinophil. In particular LTB 4 could be derived from arachidonic acid through the PLA 2 pathway at a cell membrane. LTB 4 also mediates constriction of airway smooth muscle, leukocytes chemotaxis, and vascular permeability [26, 27] . In agreement with these rationales, we suggest that the increase of sRaw by antigen challenge is caused by the release of biochemical inflammatory mediators such as histamine and PLA 2 metabolites such as leukotrienes, resulting in bronchi contraction, and DBHP has an anti-asthmatic effect on antigen-induced bronchoconstriction, which is mediated primarily by histamine and leukotrienes [28] [29] [30] . Indeed, DBHP significantly inhibited the recruitment of total and subtypes of leukocytes, particularly eosinophils in BALF, which are also consistent with the histopathological survey. As well known, eosinophil accumulation into the inflamed tissue leads to damage in the asthmatic lung tissue by released eosinophil-derived cationic proteins, and eosinophilic inflammation is a hallmark of bronchial asthma [31, 32] . In the present study, our findings indicated that DBHP may inhibit eosinophilic allergic inflammation in human asthma [33, 34] .
Of additional biological significance in other reports, is that DBHP, as a lipid-soluble phenolic antioxidant in edible vegetable oil, plays conflicting and complex role to inhibit lipid oxidation toward the oil-water interface and scavenge free radicals. In general, free radical scavenging activity of phenolic antioxidants improves as the number of hydroxyl and methyl groups [35] . It was also reported DBHP completely inhibited recombinant TNF-α-induced cytotoxicity in L929 cells, while another butylated hydroxytoluene compound had minimal effect due to the only different molecular structure of DBHP, which is a hydroxymethyl substituent instead of a hydroxyl group on the phenolic ring [36] . It is also well known that the lungs are always exposed to higher levels of oxygen than most other tissues, and toxic free radicals in human lungs have been implicated as an important pathologic factors in pulmonary disorders. An imbalance between the reducing and oxidizing systems is present in asthma, and this oxidative stress can trigger chronic inflammatory disorders including pulmonary diseases which can be counteracted by various antioxidant effects [37, 38] . We previously reported that flavones containing more hydroxyl radicals had greater anti-asthmatic effects in the asthmatic model [18] , and this result is in agreement with other studies about the anti-asthmatic activities of natural antioxidant and anti-inflammatory products [39] .
Collectively, in the present study, we showed that DBHP exerted significant anti-asthmatic effect in the guinea pigs model of OVA-induced asthmatic responses, and its inhibitory effect principally mediated by inhibiting the recruitments of the leukocytes and the release of biochemical inflammatory mediators from these infiltrated leukocytes, which leads to damage in the asthmatic lung. Moreover, the anti-asthmatic effect of DBHP may be mainly attributed to its potent antioxidant activity through the hydroxyl or methyl substituents are placed in the phenolic ring. In addition, our study might provide a novel insight into the pathological mechanisms underlying the inhibition of bronchial asthma via suppression of eosinophilic inflammatory mediators
